[1] Both rainfall intensity and duration take part in determining the hydrologic conditions favorable to the occurrence of shallow landslides. Hydrogeomorphic models of slope stability generally account for the dependence of landsliding on soil mechanical and topographic factors, while the role of rainfall duration is seldom considered within a process-based approach. To investigate the effect of different climate drivers on slope stability, we developed a modeling framework that accounts for the variability of extreme rainfall rate with the duration of rainfall events. The slope stability component includes the key characteristics of the soil mantle, i.e., angle of shearing resistance, void ratio, and specific gravity of solids. Hillslope hydrology is modeled by coupling the conservation of mass of soil water with the Darcy's law used to describe seepage flow. This yields a simple analytical model capable of describing combined effect of duration and intensity of a precipitation episode in triggering shallow landslides. Dimensionless variables are introduced to investigate model sensitivity. Finally, coupling this model with the simple scaling model for the frequency of storm precipitation can help in understanding the climate control on landscape evolution. This leads to predict the temporal scale of hillslope evolution associated with the occurrence of shallow landslides. Model application is shown for the Mettman Ridge study area in Oregon, United States.
Introduction
[2] Mass wasting is the major landform shaping process in mountainous and steep terrain. Many landslides result from infrequent meteorological or seismic events that induce unstable conditions on otherwise stable slopes or accelerate movements on unstable slopes. Thus the delicate equilibrium between the resistance of the soil to failure and the gravitational forces tending to move the soil downslope can be easily upset by external factors, such as rainstorms, snowmelt, and vegetation management. The major triggering mechanism for slope failures is the build-up of soil pore water pressure. This can occur at the contact between the soil mantle and the bedrock [Pierson, 1977; Sidle and Swanston, 1982; Megahan, 1983] or at the discontinuity surface determined by the wetting front during heavy rainfall events. The control factors of landslide susceptibility in a given area may be subdivided into two categories: quasi-static and dynamic. The quasi-static variables deal with geology, geotechnical properties, slope gradient, aspect, and long-term drainage patterns. The dynamic variables deal with hydrological processes and human activities, which trigger mass movement in an area of given susceptibility.
[3] Landslides hazard assessment is based on a variety of approaches and models. Most rely on either multivariate correlation between mapped (observed) landslides and landscape attributes [e.g., Carrara et al., 1991 Carrara et al., , 1995 Carrara, 1983; Chung et al., 1995] , or general associations of landslides hazard from rankings based on slope lithology, landform or geological structure [e.g., Campbell, 1975; Hollingsworth and Kovacs, 1981; Lanyon and Hall, 1983; De Graff and Canuti, 1988; Seely and West, 1990; Montgomery et al., 1991; Neimann and Howes, 1991; Derbyshire et al., 1995] . Antecedent precipitation amounts [e.g., Campbell, 1975; Wieczorek, 1987; Canuti et al., 1985] and daily rainfall rate [e.g., Crozier, 1999; Glade et al., 2000] were further introduced as triggering factors of shallow landsliding. The statistical approach can provide an insight of multifaceted processes involved in shallow landsliding occurrence, and useful assessments of susceptibility to shallow landslide hazard in large areas. However, the results are very sensitive to the data set used in the analysis, and it is not straightforward to derive the hazard (i.e., probability of occurrence) from susceptibility.
[4] Other scientists [e.g., Caine, 1980; Cancelli and Nova, 1985; Cannon and Ellen, 1985; Keefer et al., 1987; Wieczorek, 1987; Wieczorek et al., 2000] analyzed the intensity and duration of rainfalls triggering landslides. They built the critical rainfall threshold curves, defined as envelope curves of all rainfall triggering landslides events for a certain geographic area. Because of the lack of a process-based analysis, this method is unable to assess the stability of a particular slope with respect to certain storm characteristics and it does not predict the return period of the landslide-triggering precipitation [D'Odorico et al., 2005] .
[5] Another approach deals with spatially distributed and physically based models coupling slope stability equation with a hillslope hydrological model. This can provide an insight of triggering processes of shallow landslides at the basin scale, also accounting for the spatial variability of the involved parameters. Some of these models consider the buildup of soil pore water pressure deriving uniquely from the increase of a saturated layer above a predefined critical slip surface approaching subsurface flow in different way, i.e., steady state or dynamic [e.g., Okimura and Ichikawa, 1985; Montgomery and Dietrich, 1994; Dietrich et al., 1995; Pack et al., 1998; Wu and Sidle, 1995; Casadei et al., 2003; Iida, 1999 Iida, , 2004 . Montgomery and Dietrich [1994] , Dietrich et al. [1992 Dietrich et al. [ , 1993 Dietrich et al. [ , 1995 Dietrich et al. [ , 2001 , and Pack et al. [1998] treat the subsurface flow as steady state analyzing the topographic control on the pore pressure. Using the pore pressure in the slope stability equation permits to estimate slope stability and produce maps of relative potential of shallow landslides [Montgomery et al., 2000; .
[6] Montgomery and Dietrich [1994] developed a simple model for the topographic influence on shallow landslides initiation by coupling digital terrain data with near-surface throughflow and slope stability models. The hydrological model is based on the flow tube approach [see, e.g., O'Loughlin, 1986; Dawes and Short, 1994; Moore, 1988; Moore and Grayson, 1991] . It predicts the degree of soil saturation in response to steady state rainfall for topographic elements defined by the intersection of contours and flow boundaries. The slope stability component uses this relative soil saturation to analyze the stability of each topographic element for the case of cohesionless soils and of spatially constant thickness and saturated conductivity. Further developments of this model include SHALSTAB, a freeware software application to evaluate slope instability associated with the potential occurrence of shallow landsliding (W. E. Dietrich and D. R. Montgomery, SHALSTAB: A digital terrain model for mapping shallow landslide potential, available at http://ist-socrates.berkeley.edu/ $geomorph/shalstab/). Several applications show this approach to be capable of capturing the spatial variability of shallow landslides hazard, because of the essential role of topographic control in shallow landsliding. This approach permits uncalibrated predictions and has proven reasonably successful, though there is a tendency for overprediction to occur, depending on the quality of topographic data .
[7] The approach by Montgomery and Dietrich [1994] does not account for transient movement of soil water. It only accounts for density and friction angle of the soil in analyzing slope stability, neglecting other soil characteristics and the moisture content in the soil layer above the groundwater table. This simplification can affect model capability of predicting shallow landslide potential because the steady flow condition can be unrealistic in the course of rainstorm.
[8] Unsteady flow was approached by Okimura and Ichikawa [1985] modeling shallow subsurface flow with finite difference model, Wu and Sidle [1995] introducing a contour based distributed physically based model that couples the infinite slope approach to slope stability with a groundwater kinematic wave model, also accounting for changing vegetation root strength in time. Casadei et al. [2003] linked a dynamic spatially distributed shallow subsurface runoff model accounting for evapotranspiration and unsaturated zone storage to an infinite slope model. Iida [2004] presented a hydrogeomorphological model considering both the stochastic character of rainfall intensity and duration and the deterministic aspects controlling slope stability. The unsteady subsurface flow producing saturated soil depth was investigated using a simplified conceptual model.
[9] These models provide an insight of the triggering mechanisms of shallow landslides, but they include a complex parameterization of hillslope properties and drainage patterns, so requiring detailed field data analysis. The buildup of pore water pressure as generated by the advance of the wetting front was investigated by Pradel and Raad [1993] using the Green-Ampt infiltration model to analyze the critical wetting front position triggering failure. Rulli et al. [1999] developed a distributed model coupling the Green and Ampt infiltration model, kinematic subsurface flow and infinite slope stability model in order to investigate shallow landslides in areas where Hortonian runoff generation is predominant. Iverson [2000] provided an insight of physical mechanism underlying landslide triggering by rain infiltration by solving the Richard's equation. The model links slope failure and landslide movement to groundwater pressure heads that change in response to rainfall. These models provide an insight of the triggering mechanisms of shallow landslides, but they do not emphasize the link between rainfall duration and intensity and shallow landslide triggering.
[10] Reid [1994] considered both rainfall intensity and rainfall duration in the stability analysis. D'Odorico et al. [2005] enhanced the Reid's approach by coupling the shortterm infiltration model by Iverson [2000] and the long-term steady state topography driven subsurface flow [Montgomery and Dietrich, 1994] and analyzed the return period of landslide triggering precipitation using hyetograph at different shapes. They assumed that the pore pressure transient observable in the course of a rainfall is due to the unsteady vertical flow through the soil profile, while slopeparallel subsurface flow is assumed to at a longer timescale and to determine the pre storm wetness conditions.
[11] The present paper improves the pioneering approach by Montgomery and Dietrich [1994] indicating that simple models coupling soil mechanics with hydrology can provide an insight of shallow landslide initiation useful for mapping the potential hazard of landslide occurrence. Accordingly, the topographic description of hillslope elements is based on the flow tube approach. The hillslope stability model accounts for the key characteristics of the soil mantle, i.e., angle of shearing resistance, void ratio and specific gravity of solids (see Section 2). Hillslope hydrology is modeled by coupling the conservation of mass of soil water with the Darcy's law used to describe seepage flow (see section 3). This yields a simple model capable of accounting for the combined effect of storm duration and intensity in the triggering mechanism of shallow landslides (see section 4). Model application is then reported in section 5 for the Mettman Ridge study catchment in Oregon in order to compare model performance with that descending from application of the original approach by Montgomery and Dietrich [1994] . Finally, coupling of the model for the hydrologic control on shallow landsliding with the simple scaling model for the frequency of storm precipitation [Burlando and Rosso, 1996] can help understanding the climate control on landscape evolution associated with the occurrence of shallow landslides (see Section 6).
Slope Stability
[12] In mountainous and hilly areas, the surface of the slope is quite often underlain by a plane of weakness lying parallel to it. This potential failure surface generally lies at a depth z below the surface, and this depth is small if compared with the length of the slope. Because the thickness of the soil mantle is much smaller then the length of the slope, one can generally assume that edging effects are negligible, so one can determine the safety factor of the slope against slip, FS, from the analysis of a wedge or slice of material of unit width and unit thickness [Skempton and DeLory, 1957] .
[13] Let q denote the slope angle to the horizontal, and z the depth of the potential failure plane, as shown in Figure 1 . The water table is taken to be parallel to the slope at a height h = w z above the failure plane, with 0 w 1. Steady seepage is assumed to occur in the direction parallel to the slope. The side forces for any vertical slice are equal and opposite, and the stress conditions are the same at any point on the failure surface. One also assumes that the rigid perfectly plastic rheologic model holds for the soil, that is, there is null strain until failure and shear strength is constant after the failure independently on strain.
[14] The shear strength of the soil along the potential failure plane is
with c 0 denoting soil cohesion, s the normal total stress, u the pore water pressure, and f 0 the angle of shearing resistance of the soil mantle. If one denotes with t the shear stress, the safety factor is
If one denotes with g the average bulk unit weight of soil above the groundwater level, and with g sat the saturated unit weight of soil under the groundwater level, the expressions for s, t and u are
[15] Substituting equations (3a) -(3c) for s, t and u in equations (1) and (2) yields the general expression for the safety factor in the form
where g 0 = g sat -g w is the submerged unit weight of soil.
[16] For cohesionless soils and normally consolidated clays cohesion is negligible, so one can take c 0 = 0 in practice. If c 0 = 0 in equation (4) the safety factor is independent of thickness of soil mantle z, that is
Let denote with G s = g s /g w the specific gravity of solids, S r = V w /V v the average degree of saturation and e = V v /V s the average void ratio above the groundwater table (being V v , V s , and V w the volume of voids, that of solids and that of water in the control volume, respectively). Thus
These are substituted for g, g sat and g 0 in equation (5) to obtain
[17] The following special cases are of interest. If w = 0, i.e., the groundwater level lies at the potential failure surface,
Figure 1. One-dimensional sketch for slope equilibrium.
If w = 1, i.e., the water table lies at the surface of the slope,
One notes that the value of FS descending from equation (9) is about one half of that computed from equation (8) because g 0 ffi g sat /2 in practice.
[18] If 0 w 1, i.e., the water table lies between the potential failure surface and the slope surface, the limit equilibrium condition (FS = 1) occurs when the groundwater level index w assumes a critical value, say, w CR . This means that the slope is stable for w not exceeding w CR . This is given by
[19] For given G s and e, equations (8), (9) and (10) < tanq/tanf 0 < 1 and w < w CR , the slope is stable. (4) If (G s À 1)/(G s + e) < tanq/tanf 0 < 1 and, w > w CR the slope is unstable. The present approach improves that introduced by Montgomery and Dietrich [1994] who neglected the effect of the void ratio and the degree of soil saturation above the groundwater table.
[20] Figure 2 shows these four states for soils with specific gravity G s = 2.7 and different values of average void ratio and average saturation degree of soil above the groundwater table. One notes that S r has a negligible influence on slope stability. Figure 3 shows model sensitivity to void ratio for different average saturation degree of soil above the groundwater table. One notes that S r can be close to unity in practice, so the influence of void ratio can be moderate.
Hillslope Hydrology
[21] The approach assumes that overland flow is generated by saturation excess. A hillslope is divided in topographic elements defined by intersection of contour and flow tube boundaries orthogonal to the contours, as shown in Figure 4 .
[22] Let consider a control volume defined as the subbasin closed at one specific topographic element. It is assumed to occupy the entire flow domain by integrating out the spatial dependence of flux terms. Thus all flux terms are located on the boundaries of the flow domain and they can be grouped into bulk inflow rates and outflow rates. Let denote with p the net rainfall, i.e., precipitation less evapotranspiration and deep drainage into the bedrock, and a the upslope contributing area (i.e., the cumulative drainage area of all topographic elements draining into the examined element) draining across b, the contour length of the lower bound to each element. Under the assumptions of (1) null soil volumetric strain (i.e., average void ratio is constant) and (2) constant average soil saturation degree above the groundwater table (i.e., S r is constant), conservation of mass yields
and
with t 0 denoting time after the beginning of the storm, S the water storage in the element, and r the overland flow discharge occurring when soil is saturated (i.e., S r = 1).
[23] The Darcy's law provides the seepage flow in the groundwater table. Thus
where K is the saturated conductivity of the soil, and tanq is the head gradient assumed to be parallel to the local ground slope. [24] Substituting equation (13) into (11) and integrating the differential equation for the initial condition of stable piezometric at the depth of h i (0) = h i , yields
Tb sin q az t
for a rainfall episode with duration t, with T = Kz denoting the hydraulic transmissivity, i.e., the vertical integral along the soil depth of saturated conductivity of soil.
[25] By considering the simple case of the initial condition of stable piezometric at depth of h(0) = 0 and introducing the saturation precipitation rate, only depending on geometric and hydrologic properties of the hillslope and not from rainfall,
denoting a soil dimensionless factor.
[26] For ap/Tb sin q > 1, i.e., p/p* > 1, one obtains
One notes that the characteristic time t* depends on three factors, i.e., the dimensionless soil factor A 1 describing actual soil physics, z/p* combining hillslope geomorphology with soil mantle characteristics, and p/p*, that describes the relative precipitation rate to the critical value.
[27] Figures 5 and 6 show the variability of h and q + r, respectively, with storm duration for different values of the topographic ratio a/b. For given slope, soil thickness, void ratio, degree of saturation of the soil above the groundwater table, soil transmissivity, drainage area and net rainfall rate, an increase of the topographic ratio a/b yields the steady state thickness of the groundwater table to increase. However, the rate of increase of h in time is much higher for large a/b than that characterizing small values of a/b. Thus large values of a/b yield runoff production to rapidly achieve steady state conditions, while much more time is needed for elementary areas with small values of a/b to achieve steady state runoff production.
[28] Introducing the groundwater level index, w = h/z, yields
and, for p/p* > 1,
with x = (p*/z)t denoting a dimensionless time. Figure 7 shows the variability of the groundwater level index, w, with dimensionless time, x, for different values of dimensionless precipitation rate p/p*. [29] Montgomery and Dietrich [1994] assumed that a steady state hydrologic model can mimic the effect of transient rainstorm with effective rainfall greater than a steady state value. Here one finds that the combined effect of rain rate and duration on hillslope stability can be significant. Also, the model is capable of describing the threshold effect occurring when full saturation occurs in the soil mantle, so triggering overland flow. This occurs, e.g., for p/p* equal to 5 in Figure 7 .
Precipitation Threshold for Slope Instability
[30] Coupling hillslope hydrology with geomechanics yields landslide triggering by precipitation. This is obtained by substituting the left-hand side of equation (10) with the right-hand side of equation (14) expressed in terms of groundwater level index, w. One obtains
Solving equation (22) for p one obtains the rainfall rate threshold causing instability in the soil mantle under analysis, that is
with sub CR indicating the critical conditions for landslide initiation. Note that the precipitation threshold p CR given by equation (23) is a function of measurable quantities describing the physical properties of the hillslope.
[31] It is seen that the value taken by p CR strongly depends on duration t of precipitation occurring at the constant rate p CR , as displayed, e.g., in the examples shown in Figure 8 highlighting that the diffusive character of the equations smooth sudden peaks in rainfall intensity. Therefore the steady state approach by Montgomery and Dietrich [1994] can overestimate landslide triggering conditions especially for storms with short duration, typically of less than 1 or 2 days. This also depends on initial moisture conditions, as one can see by comparing, e.g., the thresholds shown in Figure 8d (S r = 0.75) with those shown in the other ones (S r = 0.5). Finally, one can observe that the topographic index (a/b) still remains a fundamental factor in determining the rainfall threshold for shallow landslide initiation, as shown, e.g., in Figure 8 . The above approach for obtaining the rainfall rate threshold causing instability can be generalized to the case of nonconstant hyetograph. The simple procedure considers the hyetograph subdivided in n time steps. For each time step the model computes the corresponding h considering as initial condition h i the h calculated at the previous step. Finally P cr will be obtained by substituting in equation (23) as h i the h n -1 .
[32] Equation (23) can be written in dimensionless form as
denoting dimensionless soil factors depending on specific gravity of soil particles, void ratio and saturation degree of soil above the groundwater table. The dimensionless critical precipitation rate h = p CR /p* is plotted against dimensionless time x = (p*/z)t in Figure 9 for different values of relative slope ratio (tanq/tanf 0 ).
Application

Study Area
[33] The Mettman Ridge study site in Oregon was investigated in order to compare the present approach with that by Montgomery and Dietrich [1994] who reported this case study in their paper. The available data set includes high- resolution digital elevation data (topography was created using airborne laser altimetry with a data density of about 2.5 m (Shalstab tutorial ; W. E. Dietrich and D. R. Montgomery, SHALSTAB: A digital terrain model for mapping shallow landslide potential, available at http://ist-socrates.berkeley.edu/$geomorph/ shalstab/]) field tests for hydrologic and geomechanic parameterization of soil, observations of hydrologic variables and field surveys for shallow landslide mapping [Montgomery, 1991; Montgomery et al., 1997; Torres et al., 1998; Yee and Harr, 1977; Schroeder and Alto, 1983; Burroughs at al., 1985] . Following previous analysis by Montgomery and Dietrich [1994] , soil and hydrologic parameters are treated as spatially uniform.
[34] The study site consists of a 0.3 km 2 drainage basin along Mettman ridge in the Coast Range, north of Coos Bay, Oregon. The area is highly dissected and characterized by narrow ridge tops and steep slopes. Many shallow landslides and debris flows were observed occurred in this area from 1987 to 1992. The storm events observed to trigger shallow landsliding in this catchment had an estimated return period ranging from one to two years, with 24 hour rainfall rate ranging from 50 to 75 mm/d. Digital elevation data with 5 m grid resolution were used.
[35] The colluvial soil in the study area is silty sand ranging in thickness from roughly 0.1-0.5 m on topographic noses to over 2 m in topographic hollows [Montgomery, 1991] . Where the slope exceeds 45°, bedrock crops out. Saturated hydraulic soil conductivity of colluvial soil declines from about 10 À3 m/s at the ground surface to about 10 À4 m/s at the depth of 2m [Montgomery, 1991] . Following Montgomery and Dietrich [1994] and based on these data, hydraulic soil transmissivity is taken to equal 65 m 2 /d. Saturated soil bulk density is taken to equal 1600 kg/m 3 [Torres et al., 1998 ]. Several authors [Yee and Harr, 1977; Schroeder and Alto, 1983; Burroughs et al., 1985] report values of the friction angle for soil developed on sandstones in the Oregon Coast Range varying from about 35°to 44°. Following Montgomery and Dietrich [1994] the effect of roots on shear stress resistance was taken into account by considering an angle of shearing resistance f 0 of 45°, i.e., increasing the soil strength as much as 1.4 times 
Simulation
[36] The same basin partitioning used by Montgomery and Dietrich [1994] is adopted here for model benchmark- Figure 9 . Dimensionless critical rainfall rate versus dimensionless time for different values of relative slope ratio and specified soil parameters e, S r and G s .
ing. Accordingly, the catchment is divided into topographic elements defined by the intersection of contours and flow tubes boundaries orthogonal to contours.
[37] The approach by Montgomery and Dietrich [1994] is remodeled using the same watershed partitioning procedure (i.e., flow tube approach), the same equations for slope stability analysis and for hydrologic fluxes and the same initial conditions (i.e., h(0) = 0). Shallow landsliding instability is represented in terms of log(q/T), with T denoting soil transmissivity and q steady state precipitation rate. In Figure 10 the resulting map of Mettman Ridge catchment is shown where the shallow landsliding prone areas predicted by Montgomery and Dietrich model are delineated in terms of steady state rainfall intensity [mm/d] necessary for slope instability in each topographic element. These are also compared with the observed shallow landslides that occurred from 1987 to 1992. This indicates a rather satisfactory model performance in reproducing the observed landslides, thus indicating a strong topographic control on shallow landsliding, but some of the observed landslides are poorly reproduced. Also, there are large areas with high instability where no landsliding occurred during the period of observation. Application of the Montgomery and Dietrich approach yields to overestimate the extent of instable areas, and to slightly underestimate the stable ones.
[38] Application of the present model requires to compute net rainfall, that yields shallow subsurface flow according to equations (11) and (12). This is further routed throughout flow tubes, so computing the local flow throughout each topographic element using equation (13).
[39] One can run the model in different modes. Element stability can be simulated for a given rainfall intensity pattern, not necessary steady state and for given initial moisture conditions. This is the diagnostic mode, useful to investigate hillslope response to a given precipitation input. Alternatively, the critical rainfall needed to cause instability for each topographic element can be determined. This is the predictive mode, useful to assess the probability of occurrence of a shallow landslide riggered by storm precipitation. Because the first mode is useful to test model performance and to investigate possible improvements of previous work, it is used here. The predictive mode is useful for hazard assessment, and it will used in section 6.
[40] Running the model with the same input data used by Montgomery and Dietrich [1994] considering rainfall duration equal to one day, yields the instability pattern shown in Figure 11 . One can compare the predicted patterns of shallow landsliding instability with the observed shallow landslides that occurred from 1987 to 1992. It is seen that observed landslide spots are well reproduced by the model. Overlapping of predicted instability thresholds with observed landslides shows the model to be capable of capturing the hydrologic control on shallow landsliding occurrence. Also, the predicted instability areas where landslides did not occur during the period of observation are minor. This indicates that the present approach can preserve the capability of that by Montgomery and Dietrich [1994] in reproducing topographic control, but it improves model capability of reproducing hydrologic control, because transient hydrologic conditions play an important role in landslide triggering. Table 1 shows model comparisons in terms of unstable and stable cells. Note that a cell is here any topographic element into which the Mettman Ridge basin is partitioned. By considering five indexes, defined as follows, it is shown how the RRV model preserves the capability of the MD model in predicting shallow landslides reducing false positives.
Temporal Scale of Hillslope Evolution
[41] The intensity-duration-frequency relationship (hereafter referred to as IDF) for station precipitation provides the probability that a given rainfall rate (time average) is exceeded over a specified duration of the precipitation episode. Gupta and Waymire [1990] introduced the concept of scale invariance or ''simple scaling'' for temporal precipitation. Under the assumption of scale invariance, Burlando and Rosso [1996] showed the rainfall rate p, exceeded with a given proba- ]. The rainfall rate p F that can be exceeded with a probability of (1 -F) in a year can be thus determined as
with m 1 denoting the expected value of annual maximum rainfall depth for the unit duration, n the scaling exponent, with 0 < n < 0.6, and x F the F quantile of the renormalized variate, that is, the ratio between rainfall depth and its expectation, independent of duration because of simple scaling. Equation (26) provides the general form of the IDF curves independent of the underlying probability distribution, with x F only depending on the parent distribution used to fit extreme value data. Therefore application requires to specify a probability distribution model to extreme values of the observed rainfall rates. For the general extreme value (GEV) distribution one has
with k, a, and e denoting the shape, scale and location parameters of the GEV, respectively, and y the Gumbel reduced variate [see, e.g., Kottegoda and Rosso, 1997, pp. 472 -473] . This only depends on the return period, T R , that is
with T R = 1 / (1 -F).
[42] Because equation (23) gives the critical rainfall depth as a function of storm duration, i.e., p CR = p CR (t), coupling of equations (23) and (26) yields
Tb sin q az t 2 6 6 4 3 7 7 5
This provides the critical frequency for initiation of hillslope instability, as represented by the value of x F that satisfies equation (23) for a given rainfall duration t. One notes that the critical duration t CR that yields the minimum return period for slope instability can be determined by the further condition @p F (t)/@t = @p CR (t)/@t, for t = t CR . This yields Tb sin q az t
The solution is given by that value of F or T yielding p F (t) = p CR (t) for t = t CR , being p F (t) < p CR (t) for any t 6 ¼ t CR , that is @p F (t)/@t = @p CR (t)/@t, for t = t CR . One notes that the solution is unique, because from equation (23) @ 2 p CR /@t 2 < 0, for t > 0; and, conversely, from equation (26) one gets @ 2 p F /@t 2 > 0 for t > 0. Therefore the duration t CR has the physical meaning of critical duration of the precipitation that triggers shallow landsliding.
[43] The example of Figure 12 shows that the topographic index (a/b) strongly controls the return period of expected hillslope instability, but is also has a not negligible influence on the critical duration of precipitation triggering shallow landslides. It is seen that increasing of (a/b) yields the return period of potential failure to decrease, and the critical duration of precipitation for hillslope instability to increase. In fact for a/b = 200 the return period of potential failure is fifteen years for the critical rainfall duration of about two days, while for a/b = 100 the return period of potential failure is 75 years for the critical rainfall duration of about one day and for a/b = 50 the return period of potential failure is six hundred years for the critical rainfall duration of about half of a day.
[44] Model application in predictive mode is carried out for the Mettman Ridge study site in Oregon. The IDF curves for this site are estimated from 22 years of station precipitation data recorded at Allegany, Oregon, using the GEV distribution. The resulting IDF curves parameters are k = 0.141, a = 0.3, e = 0.864, m 1 = 17.945 mm and n = 0.55 (see Figure 13) . Figure 14 shows the resulting map of Mettman Ridge catchment where the return period of rainfall causing potential failure is reported considering initial condition of stable piezometric at the depth of bedrock, h(0) = 0. Table 3 are obtained. One notes that estimating of the return period of potential shallow landsliding in a catchment can provide useful information on the temporal scales of the hydrologic control on landscape evolution. By comparing Figures 14 and 15 it is shown how the return period of shallow landsliding potential decrease at increasing the depth of groundwater table.
[45] One notes that soil cohesion and the effects of vegetation on the stability of the aggregate are not deeply analyzed in these exercises, so these simplifications can highly affect the results in terms of return period of rainfall triggered landslides. According to Montgomery and Dietrich [1994] , the effect of roots on shear stress resistance was taken into account by increasing of 40% the value of the shear stress resistance angle. Schmidt et al. [2001] and D'Odorico and Fagherazzi [2003] showed that soil and root cohesion are inherently necessary to build up soil in steep hollows, otherwise landslides would occur even for light rainfall.
Conclusion
[46] An enhanced approach was developed here to improve the representation of soil mechanics and hillslope hydrology in the pioneering model by Montgomery and Dietrich [1994] of shallow landslide initiation, preserving original model simplicity and straightforward application to predict rain triggered landslide hazard. Coupling of soil mechanics with hillslope hydrology yields a simple analytical model capable of accounting for the combined effect of storm duration and intensity in the triggering mechanism of shallow landslides. The model preserves the capability of the approach by Montgomery and Dietrich [1994] in explaining the topographic control on shallow landsliding, but it also provides an insight of hydrologic control on shallow landsliding. The approach to slope stability accounts for the slope angle and the key characteristics of the soil mantle, i.e., angle of shearing resistance, void ratio and specific gravity of solids and the average degree of saturation of soil above the groundwater table. Therefore it accounts for the effect of initial soil moisture conditions considering both the depth of the groundwater table and the degree of saturation above the groundwater table. Four states of slope stability descend from this model. Two states are independent of the water content, i.e., unconditionally stable or instable slope, and two states depend on water content, i.e., stable or instable slope controlled by the thickness of the water table. It is seen that the role of soil parameters missed in the pioneering model by Montgomery and Dietrich [1994] can be important in the characterization of hillslope stability. [47] Hillslope hydrology is modeled by coupling the conservation of mass of soil water with the Darcy's law used to describe seepage flow. This also yields a very simple runoff production model, capable of properly accounting for topography, soil transmissivity, and initial soil moisture. The model can describe transient precipitation and the threshold effect associated with the achievement of full saturation of the soil mantle, that were missed in the steady state approach by Montgomery and Dietrich [1994] . Model sensitivity was further investigated by introducing dimensionless variables, so one can investigate the effects of topography, soil transmissivity and soil moisture above the groundwater table under unified approach.
[48] These are the dimensionless critical precipitation rate h = p CR a/(bT sinq) and duration x = (bT sinq)t/(az). The relationship between h versus x is given in equation (24) as parameterized by the combined characteristics of topography and soil mantle.
[49] Finally, the model for the hydrologic control on shallow landsliding is coupled with the simple scaling model of storm precipitation in the frequency domain. This can help understanding the climate control on landscape evolution associated with rain triggered landslides. Model application for the Mettman Ridge study area in Oregon shows a satisfactory model performance in both diagnostic and predictive modes of operation.
[50] Further research is needed (1) to assess the diagnostic performance of the model under different geographic conditions, (2) to assess model limitations associated with the present simplified approach by comparison with more detailed geomechanical models, (3) to include more appropriately the effects of roots and vegetation cover [see, e.g., Schmidt et al., 2001; D'Odorico and Fagherazzi, 2003] , (4) to assess the role of local discontinuities associated with, e.g., roads and other engineering works, and (5) to assess the predictive performance of the model as compared to that of traditional statistical approach.
Notation c
0 cohesion in effective stress terms. e void ratio. FS safety factor. G s specific gravity of solids. h height of the groundwater level above the failure plane. h w hydrostatic head at midpoint of base of slice. S r degree of saturation. 
